In areas of the continental shelf where sediment supply is greater than the sediment dispersion capacity, an extensive terrigenous deposits and consequently submerged deltas can be formed. The Eastern Brazilian shelf is characterized by the occurrence of river-feed deltas in between starving coasts. Herein, modern sedimentary processes acting along the Doce river adjacent continental shelf are investigated. The main objective was to understand the shelf sediment distribution, recognizing distinct sedimentary patterns and the major influence of river sediment discharge in the formation of shelf deposits. The study used 98 surficial samples that were analyzed for grain size, composition and bulk density. Results revealed 3 distinct sectors: south -dominated by mud fraction with a recent deposition from riverine input until 30 m deep and from this depth bioclastic sands dominate; central--north -sand-mud dominated, been recognized as a bypass zone of resuspended sediment during high energy events; and north -relict sands with high carbonate content. The modern sedimentation processes along the Doce river continental shelf is dominated by distinct sedimentary regimes, showing a strong fluvial influence associated with wave/wind-induced sediment dispersion and a carbonate regime along the outer shelf. These regimes seem to be controlled by the distance from the river mouth and bathymetric gradients. 
INTRODUCTION
Modern shelf morphology and sediment distribution is strongly influenced by processes acting in different time scales. Short-term processes such as wave-current induced sediment transport, associated with inter-annual variations in sediment supply, shape the seabed morphology and control sediment dispersion. On the other hand, long-term processes like relative sea-level changes, associated with time-integrated sediment supply, control the sedimentary system, defined by Gao and Collins (2014) as a set of deposits formed in one geomorphological environment, including coastline transgression/regression and facies distribution.
In low-latitude regions, biogenic carbonate sedimentation dominates, but, in some cases, terrigenous sediment supply may supplant this regime, leading to differentiation in the sedimentation pattern (Nittrouer et al. 2007) . These situations are common in areas where fluvial processes control the sediment supply to the shelf. In areas where sediment supply is greater than sediment dispersion capacity, extensive terrigenous deposits and consequently submerged deltas can be formed. Moreover, episodic events, such as heavy flooding, may lead to an uneven supply. Thus, during catastrophic events or seasonal behavior, the sediment supply to the shelf can be increased, and variations in sediment grain size can also occur. For example, during periods of heavy rainfall, the contribution of finer fractions (e.g. mud) would be greater than in dry periods. In addition to river supply control, the sedimentary pattern can still be influenced by the coastal dynamics itself (Nitrouer et al. 2007 ).
According to Dominguez (2004) , the Brazilian east coast receives a considerable amount of sediments due to the humid climate and the presence of large rivers that drain a mountainous area. This region was classified as deltaic coast dominated by waves, mainly characterized by beach ridge coastal plains resulted from the interaction of historical shifts of river mouth position, relative sea-level changes and longshore drift pattern variations. These changes were mainly controlled by atmospheric circulation and river discharge (Dominguez & Wanless 1991; Dominguez et al. 1992; Dominguez 2004) .
The Doce river delta (northern coast of the Espírito Santo State) is one example of the deltaic systems situated along the eastern Brazilian coast (Dominguez 2004) . The influence of the Doce river sediment discharge along the coast and on the adjacent continental shelf was reported by Albino and Suguio (2010) . These authors studied the modern sedimentation processes and morphodynamics of Doce river mouth adjacent beaches (deltaic plain of the Doce) and identified different sedimentary sources and hydrodynamic processes that are influenced by the river sediment discharge, carbonate sedimentation and meteorological events.
Despite the recognition of the influence of the Doce river in the adjacent inner shelf and coastline sedimentation, not much is known about the deposits formed by the fluvial input. The majority of the research developed in the area is generally related to technical reports in order to meet the environmental regulations, or to underpin the economic activities in the area. A scientific gap still exists in terms of a better understanding on the formation of the eastern Brazilian river-delta deposits along the inner shelf and how the local sediment dynamics influence the facies distribution.
The lack of data in the study area is a serious matter and insufficient to generate effective conclusions about the sediment dynamics on the shelf and its deposits. Due to the regional growth and the presence of oil and gas reserves on the continental shelf, this information become vital to the establishment of management plans and environmental control impacts, as well as being fundamental to the exploitation of living and mineral resources. Therefore, this work aimed to contribute to a regional recognition of prevailing sedimentary processes acting along the Doce river adjacent inner shelf.
Herein, we investigate the surface sediment distribution along the adjacent Doce River Inner Shelf (DRIS), in order to understand modern sedimentary processes and to discuss the importance of the fluvial sediment input to the shelf.
METHODOLOGY
A total of 98 surface samples were collected using a Van Veen grab sampler. The sampling stations were defined based upon bathymetric and morphological gradients. Samples were collected from the deltaic lobe to the outer shelf, encompassing water depths from 10 to 70 m (Fig. 1) .
Sedimentological analysis included grain size, carbonate content and surface bulk density. The determination of surface bulk density was only carried out in 51 samples (about half of the total samples), due to water loss during the field collection. Bulk density was defined using the equation below, from Amos and Sutherland (1994) :
Here, Ds is surficial bulk density (kg/m 3 ), PS is the dry sediment weight (kg) and VS is wet sediment volume (m 3 ).
After removal of the salt, the muddy fraction was separated from the sand fraction/gravelly fraction through the wet sieving in a 63 μm sieve. The sand/gravel fractions were then subjected to mechanical sieving in 0.5 phi intervals, and the mud fractions were analyzed by a laser granulometer (Malvern Masterzise 2000) . Calcium carbonate content was determined by dissolving the CaCO 3 with hydrochloric acid at 10%.
RESULTS

Sediment distribution
Three sectors were recognized based upon distinct sediment characteristics along the DRIS: south -from the Doce river mouth to the southern boundary of the study area; central-north -on the stretch from the Doce river mouth up to 25 km northward; and north -extending for approximately 28 km from the central-north sector limit (Fig. 2) . Based on this, the results are described considering these three sectors.
Grain size and Calcium Carbonate content
South sector presented the greatest mud content, reaching up to 90% in some samples. The highest content for clay-component size was also observed in this sector (around 20%) (Fig. 3) . This muddy deposit occurs from 10 to 30 m deep. Seaward (depth > 30 m), fine and very fine terrigenous sands become predominant. In terms of carbonates content, the average is around 20 and 15% between 30 and 40 m. In areas deeper than 40 m, carbonate content increases significantly, reaching up to 70% (at the southern limit).
In the central-north sector, the presence of a muddy deposit is still observed up to the 40 m water depth; however, mud content is lower (45-50%) when compared with the southern sector (Fig. 4) . Clay content did not exceed 10%. Fine to very fine terrigenous sands comprise up to 20%. Medium terrigenous sands are present (45% in some samples) between 30 and 40 m water depths. Deeper than 40 m, mud content decreases significantly, showing less than 20%. In general, fine to very fine terrigenous sands dominate, especially between depths of 30 and 50 m. In areas deeper than 50 m, the gravel fraction becomes more important, reaching 30% of the samples content. Note that in these deeper areas the carbonate content is higher, reaching up to 80%. According to the visual description, these samples were composed by bioclastic gravel/coarse sands and living rhodoliths.
In the north sector, grain size distribution is more complex. Following a bathymetric gradient, there is no predominant grain size up to 20 m water depth. Grain size varies from gravel (about 20%) to sand (40%) and mud (about 40%) ( 
Surface bulk density
Analyses of surface bulk density were restricted to samples collected at depths lower than 40 m. The results showed a clear sectorization of deposits with distinct bulk densities values associated. The distribution of these deposits is geographically related to the Doce river mouth.
Southward from the river mouth, bulk density values ranged between 1,380 and 1,500 kg/m 3 (Fig. 6) . In most samples, these values are related to higher mud concentration (Figs. 3 and 6) . Northward from the river mouth, bulk density measurements presented, in general, values higher than 1,500 kg/m 3 , reaching up to or greater than 2,000 kg/m 3 . A trend in increasing bulk density values follows the sample distance from the coast and the water depth. Usually, samples taken from 30 to 40 m water depths show bulk densities values higher than 1,500 kg/m 3 . An important observation is that the samples collected in central-north and northern sector had high plasticity, and in the southern sector the samples were liquidified, indicating higher water content, indicated as well by their bulk density values. Moreover, higher bulk density values are related to lower mud content (Figs. 5 and 6 ).
DISCUSSION
The results revealed that the continental shelf adjacent to the Doce river mouth presents different sedimentary patterns in terms of both depth and distance from the coast. In this case, it can be considered that the sedimentation patterns are different in relation to the source of terrigenous input. In order to discuss the sedimentary pattern along the Doce river adjacent continental shelf, some modern classic continental shelf sedimentation concepts should be resumed.
The equilibrium concept discusses the fact that the continental shelf is subjected to physical forcing as winds, waves, currents and sediment input. These driving forces vary in magnitude in a short time, and, even then, the observed sediment distribution pattern shows an equilibrium ratio, that is: forcing would be controlling the surface facies distribution (Swift &Thorne 1991) . Thus, the continental shelf can be described in terms of accommodation and supply regimes. Continental shelves under an accommodation regime are subject to strong variations in sea level and/or high sediment dispersion rate, i.e., continental shelf that is subjected to marine transgression, with the presence of erosive processes and estuarine environments. Supply regime continental shelves are those with a high rate of sediment input or higher sediment grain size that would not be mobilized by the hydrodynamic energy at the site, or regressive environments with progradation and/or presence of deltaic systems (Swift et al. 1987 , Swift & Thorne 1991 . In the case presented herein, the muddy deltaic lobe in the adjacent inner shelf indicates a supply regime.
Thus, the supply regime is characterized by the sediment input through a river mouth, mainly during flood periods, and by sediment transport to deeper parts across the continental shelf during storm events. In these occasions, wave orbital velocity can resuspend sediment that is swept by prevailing currents. According to Swift and Thorne (1991) , during the obliquely sediment transport from the coast to offshore direction, it would occurs a progressive sediment selection. As result, the coarser sediment is found near the coast, and finer sediment occurs offshore. From this point of view, the grain size analysis for the study area does not show this clear pattern. Figure 7 shows sediment profiles along of the shelf presenting the relationship between mean grain size and standard deviation (values according to Folk and Ward 1957) .
According to the Markov model (Swift et al. 1972) , the relation between the mean grain size and standard deviation in a longitudinal section should be a decrease in grain size and a standard deviation increase from a particular site to deeper parts. The majority of the profiles for the study area does not follow the pattern described, however it should be noted that shoreface samples were not collected. The majority of the profiles showed an increase both in the mean and in the standard deviation towards offshore, and this would be directly related to the presence of carbonates (Figs. 3 to 5) . Results shows that coarser sediments are located towards the mid an outer shelf with an associated increase in carbonate content (up to 80%).
According to Albino and Suguio (2010) , the river mouth adjacent beaches are composed mainly by coarse and medium terrigenous sands. These authors demonstrate that modern riverine sand input is restricted to its mouth. That would explain, in part, the absence of coarser sand fractions along the south and central-north sectors. This would take the hypothesis that terrigenous sands found in the north sector would be relict, i.e., these sands were not deposited by modern prevailing fluvial processes. An explanation is that these sands could be related to a Holocene ancient Doce river mouth, as proposed by Suguio et al. (1982) , that are rarely mobilized today by prevailing wave action and/or longshore currents. The fact that this sector presents deposits with higher surface bulk density (~ 2,000 kg/m 3 ) corroborates this idea (Fig. 6) . The sediments usually less consolidated are related to a recent deposition or constant resuspension (Ross & Mehta 1989 , Winterwerp & van Kestern 2004 , Mehta 2013 . The fact that they have a higher bulk density, and consequent higher compaction, may indicate an older and more stable deposit. In addition, these deposits are found in a transition area for the Abrolhos continental shelf (carbonate domain) and with no major terrigenous input contribution nearby.
Another point to highlight is that in the current stage of the Doce river delta development, the sands were deposited mainly in the deltaic plain and in proximal areas to the mouth, which would limit the contribution of these fractions offshore (Holmes 1965 , Fraser & Suttner 1986 , Swift & Thorne 1991 . Thus, the suspended load, which is essentially the finest fraction (fine sand and mud), is transported and deposited in the inner continental shelf, forming muddy and muddy-sandy deposits that were observed in the results.
In the central-northern and southern sectors, the terrigenous mud and mud-sand deposits dominate, extending up to 30 m water depth (Figs. 3 and 4) . This distribution is mainly linked to the local hydrodynamic pattern, strongly influenced by the prevailing NE winds (Dominguez et al. 1983) .
In this case, considering grain size distribution, the southern sector has the highest mud content and also the higher clay content (Fig. 3) . The position of this deposit, immediately at south of the river mouth, is due to the drift of the river plume, which is directed to the south, because of the dominance of northeasterly winds during fairweather. In this area, the bottom morphology is regular and smooth (Fig. 1) , showing a lobe shape related to the deposition of finer material supplied by the Doce river.
Thus, a sediment distribution analysis can provide valuable information on modern sedimentary process, based on well-established theories found in the literature. Once the river plume reaches the marine environment, the particulate matter flocculation process starts. This process is due to the muddy sediment cohesive property (Mehta & Partheniades. 1982 , Berlamont et al. 1993 , Torfs et al. 1996 , Winterwerp & van Kesteren 2004 , Mehta 2013 . When the material in suspension meets saline water, the negative clays charges are neutralized by the salts (i.e. sodium). According to Mehta and Partheniades (1982) , very low range of salinity values (between 2 to 10 ppt) allows the process to be completed. The flocs are in turn formed by a mixture of clay, silt, very fine sand, organic matter, water and, in some cases, even gas (McAnally & Mehta 2001 , Winterwerp & van Kesteren 2004 . Thus, soon as the plume meet seawater, the process begins, leading to a rapid deposition, once the flocculation increases the settling velocity of the fine material. From this analysis, it was expected that deposition occurred immediately close the mouth, however these deposits are only observed from 10 m water depth.
The DRIS is located along a wave-dominated environment (Dominguez 2004) . Thus, even with the flocculation process, the river discharge energy coupled with wave action would transport fine material offshore (> -10 m), not allowing immediate deposition close to the river mouth. In the DRIS case, it was observed that fine material deposition occurs in areas deeper than 10 m water depth. At this depth, fine sediments would not be remobilized by fair weather waves. This would explain the presence of the muddy deposit and the lower surface bulk density values (< 1,500 kg/m 3 ) southward from the river mouth, indicating a recent deposition and/or a process of lower consolidation phase (Figs. 6 and 8) .
High density values usually are related to longer consolidation time and higher resistance to transport. As described elsewhere, dense sediment deposits have lower erosion susceptibility (Jepsen et al. 1997 , Lick & McNeil 2001 , Bale et al. 2006 , Quaresma et al. 2004 , Grabowski et al. 2011 . Thus, in the study area, we assumed that higher density values would indicate longer consolidation time, and, in this case, values lower than 1,500 kg/m 3 could indicate a less stable sediment bottom, i.e, higher seabed mobility potential. Also, it is clear from our dataset that values below 1,500 kg/m 3 are concentrated in the shallow south sector zone.
During cold front periods, higher energy waves from the S and SSE quadrant with higher wave orbital velocities could remobilize and transport fine sediments northward (Bittencourt et al. 2007) . It should be noted that the 30 m water depth represents the depth of bed remobilization by most frequent storm waves, which in the region have a significant height of 1.5 m and peak period of 6.5 s (Bittencourt et al. 2007) . Another indication of this process is the higher bulk density values northwards (Figs. 6 and 8). As stated previously, this may indicate an older consolidated muddy deposit. As the flocs are deposited, the interaction floc to floc and their own weight expel the water from the structure, leading to greater compaction of the deposit (Ross & Mehta 1989 ). This entire process takes time, and the material cannot be constantly resuspended for the process to complete.
The coarser grain sizes are found in deeper regions (Figs. 3 to 5) and are most related to the presence of bioclastic and rhodoliths, showing the limitation for terrigenous sediment transport. These deeper areas have been characterized as carbonate domain beds, extending along the Espírito Santo outer shelf as described by Bastos et al. (2015) . 
CONCLUSIONS
The DRIS sedimentation pattern is directly influenced by Doce river sediment supply. Riverine fine sediments are deposited to the south of the river mouth, forming a lower bulk density deposit with high mud content, comprising up to 12% of clay. The riverine modern sediment influence reduces northward, where a higher bulk density deposits are observed, associated with greater mean grain size and lower mud content. The modern riverine terrigenous deposit is characterized by a deltaic lobe ending at 30 m water depth. Towards offshore (water depths > 30 m), sandy facies are predominant, and an increase in carbonate content is observed in areas deeper than 40 m. Mid-outer shelf is characterized by typical marine carbonate sedimentation with the occurrence of bioclastic sand and gravel and rhodoliths.
The DRIS sedimentation pattern can be described by the presence of three sectors: ■ South sector -dominated by riverine muds forming modern deposits with bulk densities lower than 1,500 kg/m 3 (fine sand and mud) and bioclastic sand/gravel offshore (from 40 m depth). During storm events, inner shelf deposits can be remobilized and transported northward. ■ Central-north sector -still an area of fluvial influence, but with less intense depositional processes. This would be a bypassing area for resuspended sediment during storm events when drift is reversed due to SSE winds.
Lower clay content and an increase in bulk density values were observed. Offshore, fine to medium sands predominate, with an increase in carbonate content. ■ North sector -presence of relict sands with high carbonate content. The deposits found showed the highest bulk density values (> 2,000 kg/m 3 ), indicating older or more stable deposit.
Modern sedimentation processes along the DRIS is influenced by both fluvial and the meteoceanographic conditions (as was expected). Sediment distribution is a result of temporal changes in riverine sediment supply with inter-annual variability of meteoceanographic conditions, associated to fair weather and storm events. The integrated analysis of bulk density, grain size parameters and sediment composition has demonstrated that an immediate fine material deposition occurs at the south of the river mouth in fairweather periods (N and NE winds), while northward transport predominates during storm events associated with SSE winds.
